Background: Chikungunya virus (CHIKV) is transmitted via mosquito bite and potentially by aerosol, causing chikungunya fever and arthritic disease in humans. There are currently no licensed vaccines or antiviral therapeutics to protect against CHIKV infection in humans. Animal models recapitulating human disease, especially for transmission by aerosol, are needed for licensure of such medical countermeasures. Methods: Cynomolgus macaques (CMs) were challenged by intradermal (ID) inoculation or exposure to an aerosol containing CHIKV Ross strain at different target infectious doses (10
Background
Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus (Family Togaviridae) that causes chikungunya fever, characterized by a rapid onset of fever coincident with viremia and arthritis. Unlike other alphaviruses that cause arthritogenic disease, such as Barmah Forest, Mayaro, O'nyong-nyong, Sindbis, and Ross River viruses, CHIKV causes large sporadic outbreaks [1, 2] . Originally isolated in 1953 [3] , CHIKV caused outbreaks of human disease localized to Africa until the early 21st century [4] . In 2004, larger outbreaks of disease affecting significant proportions of populations occurred on island nations in the Indian Ocean. Epidemic transmission of CHIKV was subsequently identified in India and spread to the Americas in late 2013. Phylogenetic analyses based on complete genomic sequences delineate four lineages of CHIKV: Asian; East, Central, South African (ECSA); Indian Ocean; and West African. Viruses from the Asian and ECSA lineages are likely responsible for outbreaks in the western hemisphere [4] .
The four lineages of CHIKVs form a single serotype and are thought to confer cross-protective, lifelong immunity following infection [5] . This suggests effective medical countermeasures can be developed to protect against CHIKV infection and disease. Potential vaccines and therapeutic antibodies are being investigated [6] [7] [8] [9] , with some entering preclinical development [8, 10] ; however, no FDA approved countermeasures currently exist. As countermeasures advance with additional testing and potential licensure, it is important to thoroughly evaluate animal models and transmission routes used for efficacy testing. Improvement of animal models to generate safety and efficacy data for CHIKV vaccine and therapeutic development was a key item identified during a joint World Health Organization-and National Institute of Allergy and Infectious Diseases CHIKV workshop held in 2015 [11] .
In humans, productive CHIKV infection can lead to fever and viremia lasting up to 1 week. Myalgia, polyarthritis, and polyarthralgia are also commonly observed in infected individuals, with debilitating polyarthralgia displaying positive predictive value of CHIKV infection in endemic and epidemic areas. A maculopapular rash, similar to that observed during dengue virus infection, may also develop and last for upwards of 1 week [1, 2] . CHIKV infection of non-human primates (NHPs), including rhesus and cynomolgus macaques (CMs), can mirror infection of humans [12, 13] . Studies in NHPs have provided significant insight into the pathogenesis and disease course [14] [15] [16] , as well as vaccine and therapeutic research and development [6, [17] [18] [19] [20] [21] . In a natural history study of CHIKV in CMs, intravenous (IV) inoculation at doses ranging from 10 1 -10 8 PFU and intradermal (ID) inoculation at a single dose (10 3 PFU) were evaluated. Clinical observations were dose-dependent with meningoencephalitis and death observed at high doses (10 8 PFU), fever and rash observed at median doses (10 2 -10 6 PFU), and no clinical signs observed at the lowest dose evaluated (10 1 PFU). In contrast, virological findings were consistent across the dose range, with peak viremias of 10 8 -10 9 viral RNA copies/mL of blood detected 1-3 days post-challenge. The route of inoculation (IV or ID) did not significantly impact either clinical or virological findings [15] .
CHIKV is considered a potential biological weapon and bioterrorism agent [1, 22] and laboratory-acquired CHIKV infection by aerosol has been suggested [22] [23] [24] [25] ; however, this transmission route has not been reported in NHP models and the disease outcome is currently unknown. Here, we aimed to characterize CHIKV infection in CMs infected with a range of challenge doses by ID (closely resembling natural mosquito inoculation) or aerosol challenge. Moreover, this is the first publication to our knowledge characterizing aerosol infection of NHPs with CHIKV.
Methods

Animals and virus
Twelve (11 male, 1 female; age range 3-7.5 years old) cynomolgus macaques (CMs; Macaca fascicularis) procured from Covance, Inc. (Alice, Texas) were used for this study. Experiments involving animals were approved by the Battelle Institutional Animal Care and Use Committee and were conducted according to procedures outlined in the Guide for the Care and Use of Laboratory Animals, National Research Council.
The ECSA lineage CHIKV strain Ross (ATCC® VR-64™, American Type Culture Collection, Manassas, Virginia) was propagated in Vero E6 cells for use in this study [26] . All experiments involving infectious virus, including cell culture propagation and animal challenges, were performed in the biosafety level-3 facility at the Battelle Biomedical Research Center.
Study design and animal challenge
CMs were randomized into four groups of two animals and one group of four animals, with each group representing a distinct infection route-dose combination. The groups consisted of ID challenge at one of three target infectious doses (10 3 , 10 5 , or 10 7 PFU; Groups 1, 2, and 3, respectively) and aerosol challenge at 10 4 PFU (Group 4; 2 animals) or 10 6 PFU (Group 5; 4 animals) ( Table 1) .
For ID infection, animals were first anesthetized with tiletamine HCl and zolazepam HCl (Telazol; 1-6 mg/kg, intramuscular injection), then injected in the back between the shoulder blades with 0.1 mL of viral inoculum diluted to the target dose.
Prior to animal challenge, aerosolized CHIKV viability and sampling procedures in the large animal exposure system were evaluated by spray factor testing according to the methods of Barnewall and colleagues [27] . Direct challenge of animals via inhalation of CHIKVcontaining aerosols was also performed as previously described [27] . Briefly, CMs were anesthetized with Telazol (2-6 mg/kg), placed in a plethysmograph (Buxco Biosystems XA; Buxco Research Systems, Wilmington, NC) within a class III biological safety cabinet, and challenged via head-only aerosol exposure. Aerosol droplets having a mass median aerodynamic diameter that ranged from 1.16-1.29 μm were generated using a three-jet Collison nebulizer (BGI, Waltham, MA). Infectious CHIKV concentrations in aerosol samples collected on gelatin filters were quantified by plaque assay on Vero E6 cells to calculate inhaled doses. 
Clinical hematology and chemistry
Whole blood samples were collected prior to challenge (baseline) and on days 2, 4, 6, and 8 post-challenge for clinical hematology, and processed to serum for clinical chemistry analyses. Complete blood cell counts and hematology values were measured using an Advia® 120 Hematology Analyzer (Siemens, Deerfield, IL). Clinical chemistry analyses were performed using an Advia® 1200 Chemistry System (Siemens).
Necropsy
Necropsies were performed on all animals at 14 days post-challenge. Animals were examined for gross lesions and portions of spleen, mesenteric lymph node, liver, and skeletal muscle (~1 cm 3 ) were collected for infectious CHIKV quantitation by plaque assay in Vero E6 cells.
CHIKV plaque assays
Infectious CHIKV titers were determined by plaque assay in Vero E6 cells as follows. Serum samples were diluted directly in cell culture medium without fetal bovine serum (FBS) and tissue samples were homogenized in PBS prior to dilution in cell culture medium without FBS. Serially diluted samples were inoculated in triplicate onto confluent monolayers of Vero E6 cells in 12-well plates and incubated at 37°C for 1 h with rocking. An overlay containing 1.89% methyl cellulose in cell culture medium was then added. At 72 h post-challenge, the overlay was removed and cells were stained using a 1.3 g/L crystal violet solution in formalin. The average virus titer was calculated for each sample containing 3-150 plaques in each well. The lower limit of quantification was 2.48 log 10 PFU/mL (300 PFU/mL).
Statistical analysis
Randomization of animals into groups and all statistical analyses were performed using SAS® (Version 9.3; SAS Institute, Cary, NC). Significant shifts from baseline at each study day were determined for each group by the following ANOVA model fitted separately for each parameter at specified study days:
where Y dij is the observed parameter result for the jth animal in Group i (i = vehicle, low, middle-low, middlehigh, high) on Study Day d, Y bij is the observed parameter result for the jth animal in Group i at baseline, μ is an overall constant, Group i is the effect of Group i, and ε ij is the random error left unexplained by the model. Least square mean estimates from these models were calculated and approximate t-tests were performed to determine if, for each group, there was a significant shift from baseline at each study day. Tukey's multiple comparisons were performed to determine which pairs of groups were significantly different. All results are reported at the 0.05 level of significance.
Results
Animal challenge
Twelve CMs were challenged with CHIKV by either ID inoculation or by aerosol. For ID challenge, animals were inoculated with 10 3 , 10 5 , or 10 7 PFU (Groups 1, 2, and 3, respectively; 
Clinical disease
All CMs challenged with CHIKV were observed twice daily for signs of virus infection. Clinical signs of overt chikungunya fever, including hunched posture, ataxia, and shivering, were observed in 100% of ID-challenged animals, regardless of infectious dose. Signs were first observed in these animals at 1-3 days post-challenge and persisted through day 8 post-challenge. In contrast, clinical disease was observed in only one of six (17%) CMs challenged by aerosol, an animal in Group 4. This animal showed overall signs of discomfort 2 days postchallenge and hunched posture with shivering from three to 5 days post-challenge. No animals in the highdose aerosol group (Group 5) displayed outward signs of clinical disease. Signs of neurologic disease, reported for high-dose (10 8 PFU) CHIKV infection in CMs by IV injection [15] , were not observed in this study. All challenged animals survived to the end of study.
Body weights and temperatures
The body weights of all animals, measured every 5 days post-challenge, remained constant compared to prechallenge weight (data not shown). Animal body temperature changes were variable throughout the study period (Fig. 1) ; however, minimal group effect was observed. Animals in Group 3 showed significant mean temperature increases on days 1 and 2 post-challenge; the increased temperatures on day 1 were significantly greater than all other study groups (Tukey's p-values 0.0013, 0.0364, 0.0308, and 0.0024 when compared to Groups 1, 2, 4, and 5, respectively). Animals in Group 4 had significant mean temperature increases on day 2 post-challenge that were higher than all groups except Group 3 (Tukey's p-values 0.0092, 0.0128, and 0.0171 when compared to Groups 1, 2, and 5, respectively). Group 2 had significant mean temperature decreases on day 4 post-challenge. With few exceptions, temperatures remained near baseline for the remainder of the study in all groups after day 4 post-challenge (Fig. 1 ).
Viremia and virus titers in tissues
Serum samples collected every 2 days post-challenge were assessed for infectious CHIKV loads by plaque assay (Table 2) . Qualitatively, all 12 animals displayed detectable viremia at one or more timepoints following challenge. Peak viremia for 10/12 (83%) animals occurred on day two post-challenge, with six of these animals showing sustained viremia between 2 and 4 days post-challenge. A single animal in Group 5 had detectable viremia only at day 4 post-challenge. Five of six (83%) aerosol-challenged animals had detectable viremia on both days as compared to only two of six (33%) animals challenged by ID inoculation. No animals in Groups 2 or 3 had detectable viremia on day 4 postchallenge (Table 2) .
Quantitatively, the highest viremia titers at days 2 and 4 post-challenge were observed in animals challenged by either route with the lowest target doses of CHIKV (Groups 1 and 4) . The highest titers on days 2 and 4 post-challenge were observed in Group 1 (average 6.37 log 10 PFU/mL) and Group 4 (average 3.80 log 10 PFU/ mL), respectively. Day 2 mean viremia titers in Groups 1, 2, 3, and 4 were significantly higher than Group 5 titers (Tukey's p-values 0.0035, 0.0313, 0.0293, and 0.0329, respectively), while Group 4 mean titers were significantly higher than all other groups on day 4 (Tukey's p-values 0.0226, 0.0005, 0.0005, and 0.0042 compared to Groups 1, 2, 3, and 5, respectively). No animals had detectable viremia after day 4 post-challenge ( Table 2) .
Sections of liver, spleen, skeletal muscle, and mesenteric lymph node collected at necropsy (14 days postchallenge) from all animals were also evaluated for CHIKV. No infectious virus (PFU) was detected in these tissues in any of the challenged animals (data not shown).
Clinical pathology
Blood cell and blood chemistry parameters were analyzed in samples collected on Days 2, 4, 6, 8, and 13 post-challenge and compared to baseline. White blood cell (WBC) counts (Fig. 2) , additional blood cell counts (Fig. 3) , and multiple clinical chemistry parameters (Fig. 4) were analyzed.
WBC counts were variable during the study period. Mean shifts from WBC baseline counts were significantly lower in Group 1 on days 2 and 4 post-challenge. Counts were near baseline for all other groups on day 2, and decreased compared to baseline on days 4 and 6 post-challenge in Groups 1, 2, 3, and 4. By day 13 postchallenge, mean WBC counts were near or elevated Fig. 1 Change from baseline body temperature following challenge of CMs with CHIKV. Body temperatures of CMs challenged by ID inoculation (top graph) or by aerosol (bottom graph) were recorded twice daily for 13 days. Mean changes from baseline temperature are shown with standard normal 95% confidence intervals for each group. * -group mean temperature significantly decreased compared to baseline count at 0.05 level; # -group mean temperature significantly increased compared to baseline count at 0.05 level above baseline in all groups, with Groups 2, 3, and 5 displaying significantly elevated counts (Fig. 2) .
In ID-challenged groups (Groups 1 to 3) at day 2 postchallenge, neutrophil counts were above baseline, with Group 2 showing significantly increased counts (Fig. 3a) . Neutrophil counts then decreased to baseline levels by day 4 post-challenge and remained near baseline until day 13. In aerosol-challenged groups, neutrophil counts remained near baseline for the entire study period (Fig. 3a) . From day 2 to day 6 post-challenge, Groups 1, 2, and 3 showed decreased lymphocyte counts, with Group 1 showing significantly decreased counts (Fig. 3b) . Lymphocyte counts in these animals remained below baseline until day 8 post-challenge. In contrast, aerosol-challenged animals (Groups 4 and 5) showed near-baseline lymphocyte counts throughout the study (Fig. 3b) . Monocyte counts in IDchallenged animals remained near baseline except for a significant increase above baseline for Group 3 on day 6 post-challenge (Fig. 3C) . Group 4 monocyte counts were significantly above baseline on days 2, 6, and 8 post-challenge, and counts for Group 5 were significantly above baseline on days 2, 4, and 8 postchallenge.
Platelet counts were variable. Group 1 animals showed a decrease in platelets on day 4 post-challenge, with counts increasing throughout the remainder of the study. Group 2 and 3 mean platelet counts increased throughout the study. Platelet counts in Group 4 were significantly above baseline at day 2 post-challenge, decreased below baseline at day 4, and then increased through day 13. Group 5 mean platelet counts remained near baseline throughout the entire study period. Except for Group 5, all groups had mean platelet counts significantly above baseline at day 13 (Fig. 3d) .
CHIKV infection resulted in changes to clinical chemistry parameters, including aspartate aminotransferase (AST), alanine aminotransferase (ALT), and C-reactive protein (CRP) (Fig. 4) . All groups displayed mean AST increases from baseline from days 2 to 8 post-challenge. On day 2 post-challenge, levels were significantly increased above baseline in Group 2. On day 4, levels in Groups 1-4 were significantly elevated. Levels in Groups 3, 4, and 5 were significantly elevated on day 6, and in Groups 1, 3, and 5 on day 8 post-challenge (Fig. 4a) . Mean ALT levels were elevated in all groups until at least day 6 post-challenge, with significantly increased levels above baseline in Group 3 on days 2 and 6 postchallenge (Fig. 4) .
Levels of CRP, an acute-phase reactant used as an indicator for inflammation, were elevated in some animals in Groups 1, 2, and 3 for at least 4 days following ID challenge. Peak CRP levels in ID-challenged animal groups were reached at day 2, with animals in Group 3 presenting the highest mean levels. In these groups, CRP levels then returned to near-baseline by day 6 and through the remainder of the study. Elevated CRP levels were not observed in groups challenged by aerosol (Fig. 4c) .
Discussion
This study aimed to provide a preliminary characterization of chikungunya disease in CMs challenged by ID inoculation or by aerosol with CHIKV. The ID inoculation route closely mimics natural human infection via mosquito bite, while aerosol exposure has also been proposed as a potential transmission route in humans [22] [23] [24] . Infectious Significantly lower than all other groups at this timepoint at the 0.05 level doses at several concentrations were evaluated to better characterize these routes for development of CHIKV infection models in CMs.
In natural outbreaks of chikungunya fever, presumably transmitted through the bite and inoculation of virus by infected mosquitoes, an incubation period of 2-6 days results in rapid onset of fever, arthralgia, headache, weakness, and rash during a viremic period that typically lasts for 5-7 days [2] . Leukopenia, thrombocytopenia, and elevated liver and muscle enzymes are also common laboratory findings [28, 29] .
Transmission by inhalation of infected aerosols has been hypothesized for laboratory-acquired infections [22] [23] [24] [25] and CHIKV is the only arthritogenic alphavirus suggested to be transmitted by this route [1, 24] ; CHIKV is considered a potential agent for bioterrorism due to this putative transmission [1, 22] . Although the number of cases is limited, the signs and symptoms following suspected aerosol exposure are mild and of shorter duration than those following mosquito transmission [1] . In one case report, the infected adult male presented with a mild fever for 3 days, myalgia, headache, leukocytosis, and a maculopapular rash following an estimated eightday incubation period. Serum viremia was detectable at 18 h after suspected time of disease onset, but was not detectable by 72 h post-onset [23] . In another potential human infection by aerosol, viremia was detected in a laboratory worker approximately 24 h after unspecified symptoms were observed, an estimated 6 days after the suspected exposure event (aerosolization of dried brain powder derived from an infected mouse) [25] . In the current study, our observations in CMs following exposure to aerosols containing CHIKV corroborated the data published on human infection via this route, such as mild or no overt clinical disease with productive infection via detectable, sustained viremia [23, 25] .
The ID route of CHIKV inoculation in CMs has been reported previously, using the CHIKV isolate LR2006-OPY1 (Indian Ocean lineage [26] ) at a single infectious dose (10 3 PFU) [15] . In the present study, ID challenge with the CHIKV Ross strain promoted similarities and differences to those observed using the CHIKV isolate LR2006-OPY1 [15] . In both studies, peak viremia was reached by day 2 post-challenge, which was coincident with leukopenia, and animals exhibited elevated levels of enzymes indicative of liver or muscle injury (AST, ALT) [15] . These observations are common early clinical findings in humans infected with CHIKV [29] . Peak viremia coincident with leukopenia was also observed following intravenous infection of CMs [15] and subcutaneous infection of rhesus macaques [14] . However, prolonged viremia and fever were not observed in ID-challenged animals in the present study. Differences in sensitivity between the virus detection methods used (infectious virus detection through plaque assay compared to quantitative RT-PCR by Labadie and colleagues [15] ) may at least partially explain the variances in viremia observed, as well as the lack of CHIKV detection in tissues in our studies compared to detectable viral genomes in tissues described previously [15] . The CHIKV E1 glycoproteintargeted RT-PCR assay used by Labadie and colleagues has not been correlated with infectious CHIKV titers [30] ; however, viral genome copy number detected with an NSP1-targeted quantitative RT-PCR displayed high correlation with infectious virus titers [31] , suggesting the two assays may be equally sensitive. A more likely reason for the observed differences in viral burden and fever is the use of CHIKV strains from distinct lineages (the ECSA lineage Ross strain here compared to the Indian Ocean lineage LR2006-OPY1 strain [15] ) for challenge. CHIKV strains from disparate lineages have shown virulence differences in multiple animal models. The LR2006-OPY1 strain was more virulent than an Asian lineage strain in adult mice [32] and an Asian lineage strain was more neurovirulent than an ECSA lineage strain in suckling mice [33] . In rhesus macaques, the West African CHIKV strain 37,997 produced significantly higher viremia than an epidemic ECSA lineage strain [14] , but was as virulent as the LR2006-OPY1 strain [16] . Extrapolation of results from these NHP studies suggests the LR2006-OPY1 strain may be more virulent in NHPs than the ECSA lineage Ross strain used in the present study. that CM infection by IV and ID routes resulted in similar clinical and virologic findings, with detectable CHIKV RNA in the blood until at least day 6 postchallenge [15] . Infection of Indian bonnet macaques (Macaca radiata) via mosquito bite generally resulted in delayed detectable and peak viremia compared to IV inoculation [34] .
With both challenge routes investigated in this study, higher viremia titers were observed in CMs exposed to lower infectious doses of virus (Table 2 ). Animals in Group 1, exposed to 10 3 PFU by ID inoculation, had higher CHIKV titers than Groups 2 and 3 (10 5 and 10 7 PFU inoculation doses, respectively), and animals in Group 4, exposed to 10 4 PFU by aerosol, had higher titers than Group 5 (10 6 PFU inoculation dose). These trends were consistent on both days 2 and 4 postchallenge. Similar to other studies [15, 16] , viremia kinetics were infectious dose-independent in our study.
One possible explanation for the apparent inverse correlation observed between infectious dose and viremia titers is the innate immune response mounted immediately following infection. Production of type I interferons (IFNs), responsible for establishing an overall antiviral state in the infected host through the induction of hundreds of antiviral protein genes, is stimulated in CHIKV-infected humans [35] [36] [37] [38] [39] and CMs [15] during the acute phase of infection. A positive correlation was identified for viremia titers and IFN-α levels in human serum samples collected during the CHIKV outbreak in La Reunion during [2005] [2006] , and increasing CHIKV multiplicity of infection was shown to increase IFN-β secretion in cultured human fibroblasts [35] . Additionally, individuals with higher levels of viremia (mean viral load, 1.31 × 10 8 PFU/mL) at time of hospital admission had significantly higher levels of IFN-α than individuals PFU/mL) [38] . In CMs infected IV with 10 3 PFU of CHIKV strain LR-2006 OPY1, a spike in IFN-α/β levels observed 2 days post-challenge was coincident with peak viremia levels; IFN levels returned to baseline by day four post-challenge [15] . These studies suggest induction of type I IFNs by CHIKV infection is virus concentrationdependent. It is possible that the higher challenge doses in our study similarly stimulate a more-robust antiviral response (through IFN induction) than the lower challenge doses, leading to reduced virus replication and subsequent lower viremia titers. A direct correlation was detected between viremia (measured in viral RNA copies/mL) and challenge dose in CMs challenged by IV inoculation of CHIKV; however, the different virus strain, inoculation route, and viremia quantification methods could account for the differences observed between the two studies [15] . Additional experiments directly comparing IFN levels and induction of IFN-stimulated genes at early timepoints following CM challenge with different doses of CHIKV would be required to investigate the potential role of this antiviral response in limiting viremia titers in groups challenged with higher infectious doses. If this hypothesis holds true, vaccination and therapeutic strategies able to maximize type I IFN induction may be efficacious against CHIKV infection.
Conclusions
We have shown that ID and aerosol challenge of CMs with CHIKV leads to productive infection with presentations that mimic reported symptoms of human infection with the virus by these two routes. Further investigation with larger numbers of animals could refine these models, which will be imperative for evaluation and eventual approval of countermeasures against CHIKV infection in humans. 
